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In order to successfully expand human presence into the solar system and onto the 
surface of Mars, new spaceflight capabilities will be required.  Under the leadership of the 
Office of the Chief Technologist, NASA has developed a set of technology roadmaps whose 
purpose is to establish the comprehensive technology development needs for the next 20 
years, and to serve as a foundation upon which to achieve NASA’s strategic goals.  This 
paper provides an overview of the NASA Technology Area 06: Human Health, Life Support, 
and Habitation Systems Technology Roadmap.  Although the TA6 Roadmap includes five 
main technical areas (Environmental Control and Life Support and Habitation; 
Extravehicular Activity; Human Health and Performance; Environmental Monitoring, 
Safety and Emergency Response; and Radiation) the focus of this paper is on the top level 
objectives, current state-of-the-art, desired performance goals and major technical 
challenges associated with the life support technologies required for future missions beyond 
low-Earth orbit.    

Nomenclature  
ARS = Air Revitalization System 
CDRA = Carbon Dioxide Removal Assembly 
CO2   = Carbon Dioxide 
DRMs = Design Reference Missions  
ECLSS = Environmental Control and Life Support System 
EVA = Extravehicular Activity 
HAT = Human Architecture Team 
HEOMD = Human Exploration and Operations Mission Directorate  
Hg =  Mercury 
ISS = International Space Station 
LEO = Low Earth Orbit  
NASA =  National Aeronautics and Space Administration 
NRC = National Research Council 
NTEC = NASA Technology Executive Council  
ppm = Parts per million 
psia =  Pounds per square inch absolute 
QFD = Quality Function Deployment 
SOA =  State of the Art  
SMT = Systems Maturation Team 
SSTIP = Strategic Space Technology Integration Plan 
TA = Technology Area 
UPA = Urine Processing Assembly 
WRS = Water Recovery System 
VOCs = Volatile Organic Compounds 
 
 
                                                             
1 Branch Chief, Bioengineering Branch, Mail Stop N239-15. 



 
International Conference on Environmental Systems 

 
 

2 

  

I. Introduction 
N its first fifty years, NASA achieved remarkable successes in space, and these successes were largely due to a 
strong and enduring investment in advanced space research and technology development.  Future plans to send 

humans beyond low Earth orbit will also require advanced technologies, including highly reliable and increasingly 
self-sufficient environment control and life support systems (ECLSS).  During the past decade, however, investment 
in advanced space technology development has been both significantly reduced in scope, as well as focused more 
narrowly upon near-term projects and objectives1.  Numerous studies have recognized that NASA’s technology base 
is being depleted, and that it is largely “living on the innovation funded in the past”2. 

II. Background 
Accordingly, in late 2010 Congress directed NASA to create a program that strengthened its space technology 

development base.  NASA outlined its future strategic goals through 2020 and beyond in the 2011 NASA Strategic 
Plan3, and the NASA Office of the Chief Technologist led the development of a set of 14 draft roadmaps that 
comprised the comprehensive technology development needs required to achieve these strategic goals.  The 
roadmap that encompassed the technology areas of Environmental Control & Life Support Systems, Habitation 
Systems, Extravehicular Activity Systems, Human Health & Performance, Environmental Monitoring, Safety & 
Emergency Response, and Radiation was called “Technology Area 6: Human Health, Life Support and Habitation 
Systems”.  The breakdown structure for TA6 has three main levels, as illustrated in Figure 1. 
 

 
Figure 1. Technology Area Breakdown Structure for Human Health, Life Support and Habitation Systems 
  
 Level 1 represents the entire technology area (the title of TA 6), level 2 designates the sub-technology areas (the 
five boxed headings), and level 3 identifies the twenty main technologies associated with TA 6.  There were over 
300 total level 3 technologies identified across all of the roadmaps. An additional level of detailed technologies  
associated with each level 3 area were characterized in level 4, and were captured as one-page candidate technology 
“snapshots” at the end of each roadmap.  
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NASA subsequently requested that the National Research Council (NRC) evaluate the draft roadmaps, make 
recommendations for improvement, and suggest priorities within and among all of the 14 technology areas to help 
guide NASA’s decision-making process.  Recognizing that NASA would likely maintain balance across all current 
mission areas (both human and robotic) while continuing to face a budget-constrained environment, the NRC 
established an organizing framework and a weighted decision matrix based upon quality function deployment 
(QFD) techniques that resulted in the selection of 83 highest-priority technologies from the over 300 technologies 
listed in all roadmaps.  The three main criteria that factored into the QFD scoring were: benefit (would the 
technology provide significant improvement in mission capabilities/performance or reduction in life cycle cost in the 
timeframe required by NASA); technical risk (what is the overall nature of the technical risk and how much effort 
and time are required for the technology to achieve its goals); and alignment (which missions/DRMs listed in the 
roadmap would benefit directly from the development of the technology).  In assigning numerical weight to these 
three main criteria, potential benefit of the technology was considered the most important factor, with technical risk 
second and alignment third.  Accordingly, some technologies that scored lower were not necessarily considered less 
important, but more typically were technologies with less technical development risk that could be started later in 
the time sequencing.  
 

For TA 6, each of the five main level 2 areas had at least one level 3 technology included in the highest priority 
ranking, and all of the level 3 ECLSS (Air Revitalization, Water Recovery & Management, Waste Management, and 
Habitation) technologies and level 3 Radiation technologies were ranked among the highest priority.  Several more 
rounds of prioritization were conducted on these 83 technologies in order to determine which ones should receive 
more immediate emphasis.  In the final prioritization, ECLSS technologies were among the 16 “highest of the high” 
technologies looking across all fourteen roadmaps.  These results were summarized in the 2012 NRC report NASA 
Space Technology Roadmaps and Priorities: Restoring NASA’s Technological Edge and Paving the Way for a New 
Era in Space4. 

 
After review by the NRC and input from the public and other key stakeholders, the roadmaps and NRC study 

results were incorporated into the 2012 NASA Strategic Space Technology Plan (NASA SSTIP), which in turn was 
used by NASA’s senior decision-making body (the NASA Technology Executive Council or NTEC) in making 
decisions reflected in NASA’s budget regarding technology prioritization and strategic investments.  In 
summarizing this process, the NASA Technology Roadmaps are just one element of an integrated Agency-wide 
technology portfolio management approach.  The role of the roadmaps is to represent the very broad range of 
technology candidates that could be developed for future missions, the NRC gives prioritization to the technologies 
that should be developed, the SSTIP further prioritizes the technologies that will be developed in alignment with 
budget realities, and the final NTEC budget allocation for any given year reflects the technologies that are being 
developed.  The roadmaps are not intended to be roadmaps in the sense that they identify the “best” technology path 
required for a specific destination. 

III. 2015 Technology Roadmaps Update 
 To be able to respond to and accommodate NASA’s changing needs over time, the roadmaps are scheduled to be 
updated every 4 years.  In the first roadmap update that was conducted in 2015, two significant changes were made 
to the 2011 version.  First, the scope of the roadmaps were expanded to include the Aeronautics technology area, as 
well as the addition of several new level 2 and 3 technologies among the now fifteen main technology areas.  NASA 
Centers, external federal agencies, and the public were involved in reviewing each of the draft roadmaps.  Second, 
and more important, all technologies in the 2015 roadmaps now have traceability to NASA’s capability driven 
framework5.  As opposed to the more traditional  NASA approach of developing specific technologies for a specific 
destination or mission, the capability driven approach focuses on developing a suite of capabilities that enable 
exploration of multiple destinations in a broad mission class such as Extending Reach Beyond LEO, Into the Solar 
System, Exploring Other Worlds, and Planetary Exploration (see Figure 2).  These suites of capabilities enable 
critical functions that in turn will solve the upcoming challenges associated with extending human presence from 
LEO to Mars. 
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Figure 2. NASA’s Capability Driven Framework 
  
 The roadmap teams were provided with the five mission classes (shown in Figure 2) and their associated 
approved conceptual Design Reference Missions (DRMs), as well as additional supporting information from the 
HEOMD Human Architecture Team (HAT) and Systems Maturation Team (SMT), the Science Decadal Plan and 
the Aeronautics Research Plan.   
 

In order to tie all technologies in the roadmaps to the capability driven framework, the roadmap teams first 
characterized the performance capabilities of the current state of the art (defined as technology that is currently used 
in the space flight environment).  Then, looking across the five Mission Classes in NASA’s Capability Driven 
Framework, the main capabilities and performance goals needed to successfully execute NASA’s missions during 
the next 20 years were determined.  The future capabilities were subsequently compared against the state of the art 
to determine if a capability gap existed, and candidate technologies were identified to enable the future capabilities.  
For each candidate technology, a one-page technology snapshot was created which provided a brief description of 
the technology and documented the SOA, the capability performance goals, technology parameters and values, and 
the mission class(es) and DRMs which require the technology.  These snapshots are listed at the end of each 
roadmap and comprise the level 4 candidate technologies in each of the fifteen main technology areas. 

IV. TA 6 Top Level Goals and Sub-Goals 
Two key distinctions between many of the future deep space DRMs and all crewed space missions to date are that 

humans will spend long periods of time far from Earth resupply, and that a quick emergency return option will not 
always be possible.  New deep space mission design drivers such as these exert a strong influence on many of the 
Level 2 technology top level goals and sub-goals in TA 6.  For Environmental Control and Life Support Systems 
and Habitation Systems (section 6.1), existing ISS life support systems have proven to be both practical and 
successful, but do not possess the high degree of reliability and self-sufficiency required for future deep space 
DRMs.  For Extravehicular Activity Systems (section 6.2), spacesuits in use today provide both EVA capability and 
crew survivability during nominal and off-nominal events, but were designed for infrequent and short duration 
EVAs in the relatively clean environment of Earth-orbital missions.  A new generation of spacesuits with less mass, 
increased mobility, and dust tolerance will be required for the increased frequency and duration of EVAs associated 



 
International Conference on Environmental Systems 

 
 

5 

with future missions.  For Human Health and Performance (section 6.3), ISS missions rely upon near real-time  
communication, exercise countermeasures for short to medium stays in microgravity, biological samples that are 
returned to Earth for later analysis, and if necessary, an evacuation strategy that can provide medical care within 
hours.  Exploration DRMs will require a different approach that relies more heavily upon in-flight medical care and 
imaging, more autonomous real-time diagnostic data and feedback on crew health and performance, and 
countermeasures for long duration variable-gravity environments.  Similarly, for Environmental Monitoring, Safety, 
and Emergency Response (section 6.4), the SOA consists largely of relatively simple indicators of the habitable 
environment of the vehicle, and sample return and subsequent ground analysis for water quality and microbial 
monitoring.  ISS fire detection and suppression consists of a smoke particle detector which is susceptible to false 
alarms (caused by other floating particulates) coupled to a single-use pressurized CO2 bottle.  New hybrid fire 
detection and suppression technologies that eliminate false positives and are rechargeable during the mission will be 
required for deep space exploration.  Finally, for Radiation (section 6.5), crew health risks associated with galactic 
cosmic radiation and solar particle event exposure in low altitude orbits are mitigated largely by Earth’s magnetic 
field,  passive shielding on the vehicle, and relatively short mission durations.  In order to remain below the 
permissible radiation exposure limit on missions beyond the cocoon of Earth’s magnetosphere, a combination of 
improved shielding, biological countermeasures, and more accurate means to predict and monitor the radiation 
environment will be required.  These top level goals and sub-goals for TA 6 are summarized in Table 16. 
 
 

6.0 Human Health, Life 
Support, and Habitation 
Systems  

Goals: Enable long-duration, deep-space human exploration within 
permissible space radiation exposure limits, minimal resupply consumables, 
and increased Earth independence.  

6.1 Environmental Control 
and Life Support Systems 
and Habitation Systems  

Sub-Goals: Maintain an environment suitable for sustaining human life throughout 
the duration of a mission.  

6.2 Extravehicular Activity 
Systems  

Sub-Goals: Enable crew operations outside the vehicle or habitat in all mission 
environments. Protect the crew during launch, entry, and landing, and for the 
potential events of cabin contamination or depressurization. Protect the crew during 
ascent/decent transition for planetary excursions.  

6.3 Human Health and 
Performance  

Sub-Goals: Maintain the health of the crew and support optimal and sustained 
performance throughout the duration of a mission as well as terrestrial life, 
thereafter. 

6.4 Environmental 
Monitoring, Safety, and 
Emergency Response  

Sub-Goals: Ensure crew health and safety by providing the crew early warnings of 
potentially hazardous conditions and to provide the crew time for effective 
response should an accident occur.  

6.5 Radiation  Sub-Goals: Increase crew mission duration in the free-space radiation environment 
while remaining below the space radiation permissible exposure limits.  

Table 1.  TA 6 Top Level Goals and Sub-Goals 
 

V. TA 6.1 ECLSS and Habitation:  
Top Level Objectives,  State of the Art, and Major Performance Goals and Technical Challenges 

 
In order to achieve these top level goals, each of the five main level 2 technology areas subsequently identified 

more detailed level 3 technology objectives, performance goals and technical challenges, and also characterized the 
SOA of all the relevant candidate technologies. Although TA 6 includes the five sub-technology areas of 
Environmental Control and Life Support Systems and Habitation Systems, Extravehicular Activity Systems, Human 
Health and Performance, Environmental Monitoring, Safety and Emergency Response, and Radiation, the focus for 
the following sections of this paper is only on the Environmental Control and Life Support Systems and Habitation 
Systems portion – i.e.  TA 6.1.  Discussion in the following sections is intended to give the reader a good sense of 
the type of information contained in the roadmaps at levels 3 and 4, and the reader is encouraged to refer to TA 6 (or 
other roadmaps) for similar information about other technical areas of interest.  As mentioned previously, a 
description of the specific candidate technologies and the DRMs to which they are applicable is provided in the 
Technology Candidate Snapshots section at the back of the TA 6 roadmap. 
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A. Air Revitalization (6.1.1) 
1. Top Level Objectives 
 In order to reliably and efficiently revitalize spacecraft/habitat atmospheres during long duration human missions 
beyond LEO with minimal reliance on Earth-supplied consumables, air revitalization system technology 
development objectives emphasize closed-loop architectures that have the capability to recover the oxygen and 
water from the cabin environment that would otherwise be vented to space.  
2. State of the Art 
 The ISS Air Revitalization System (ARS) is a partially closed-loop system that captures CO2 and reacts it with 
hydrogen to produce water and methane via the Sabatier process.  Methane is vented overboard, and part of the 
product water is subsequently electrolyzed to generate oxygen for the crew.  Due to the loss of the hydrogen atoms 
in the methane and system inefficiencies, less than 50% of the CO2 produced by the crew can be recovered as 
oxygen with the existing system.  The zeolite material contained in the Carbon Dioxide Removal Assembly (CDRA) 
experiences size attrition during repeated duty cycles, resulting in dust entrainment in the air stream that has caused 
valve and air-save pump failures7.  Cabin CO2 concentrations have been typically greater than 4 mmHg (5300 ppm) 
partial pressure, and have been associated with crew health and performance issues.8   
3. Performance Goals/Major Technical Challenges 

Because of long mission duration, minimal to no resupply, and other constraints associated with many of the 
future deep space DRMs, one of the major air revitalization technical challenges is to develop the capability to 
reliably and efficiently recover greater than 90% of the oxygen from the CO2 produced by the crew.  To provide this 
capability, several inter-related challenges exist.  First, technologies that can reliably (and with less maintenance 
time than the SOA)  maintain CO2 partial pressures below 2mm Hg, and then deliver purified, pressurized CO2 to 
onboard CO2 reduction/oxygen recovery processors must be validated.  Second, CO2 reduction technologies must be 
developed that can recover much higher percentages of oxygen from CO2 than the current SOA. The main technical 
challenges associated with CO2 reduction include longer catalyst life, higher tolerance to moisture entrained in the 
reactant gases, and the ability to manage the carbon produced during oxygen recovery processes.  With increased air 
loop closure, the ability to effectively remove various trace contaminants (ammonia, VOCs, carbon monoxide, etc.) 
to levels below the spacecraft maximum allowable concentrations, and the ability to operate cabin heat exchangers 
at temperatures below the dew point such that water vapor can be recovered becomes increasingly important.  To 
support the anticipated increased levels of extravehicular activities on surface missions, the ability to deliver pure 
oxygen (99.989%) that is generated onboard at high pressure (3600 psia) to recharge storage tanks will also be 
required.  
 
B. Water Recovery and Management (6.1.2) 
1. Top Level Objectives 

Water comprises the greatest percentage by mass (~87%) of all of the human metabolic requirements in space, 
and accordingly, one of the key objectives for Water Recovery and Management systems is to increase the 
percentage of re-usable water recovered from wastewater sources.  
2. State of the Art 

The Water Recovery System (WRS) currently used on-board the International Space Station (ISS) has an 
impressive combined total water recovery rate (from humidity condensate and urine) of 88%9.  In order to achieve 
this rate, however, a relatively large amount of consumable resources are required.  Multi-filtration and ion 
exchange beds as well as oxygen injected into the process water to facilitate volatile organic contaminant oxidation 
represent significant logistics concerns for long duration missions that have limited or no resupply capability.  
Sensitivity to polar organic compounds places considerable restrictions on housekeeping and personal hygiene 
products that can be used with the WRS.  Although a significant amount of water is recovered from 
pretreated/chemically stabilized urine via a vapor compression distillation process in the Urine Processing Assembly 
(UPA), SOA technology is limited to a maximum water recovery rate of about 75% from urine due to the 
problematic precipitation of solids at higher recovery rates.  And, because the WRS processes only humidity 
condensate and urine, it addresses only a fraction of the additional volume and broader composition of wastewater 
streams (hygiene water, carbon dioxide reduction product water, water recovered from solid wastes and brines, etc.) 
that are expected to be produced on deep space missions. 
3. Performance Goals/Major Technical Challenges 

Water recovery and management challenges for future exploration missions include developing processing 
technologies that reliably achieve very high water recovery rates with minimal expendables usage and crew 
maintenance.  In order to achieve the goal of 98% water loop closure10, new technologies that can recover water 
from feed streams (brines) that are nearly saturated with complex mixtures of organic and inorganic compounds and 
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are tolerant to precipitated solids must be developed and validated in the space environment.  The capability to 
recover water from additional sources including hygiene, laundry, trash and solid wastes likely will be required.  
This capability will contribute to lower life-cycle costs, including those related to habitation such as laundry and 
reduced dependence on expendable wipes for crew hygiene.   Accordingly, the ability to stabilize wastewater from 
multiple sources in ways that are compatible with onboard water processing systems requires further development, 
as does the means to disinfect and maintain microbial control of potable water to protect crew health.  Some DRMs 
will require these systems to be tolerant of dormancy periods of up to 18 months without significant reactivation 
efforts.   
 
C. Waste Management (6.1.3) 
1. Top Level Objectives 

Top Level Objectives for Waste Management are the ability to reliably and effectively collect, stabilize, and 
dispose of or recover resources from solid and liquid metabolic wastes and trash.  
2. State of the Art 

The SOA for waste management on-board the International Space Station (ISS) consists of collection, 
containment/storage and subsequent disposal of all waste products.  Crew fecal matter and associated wipes are 
drawn by airflow into a canister and contained in porous bags.  Full canisters are capped and stored until disposed of 
in single-use Progress vehicles that re-enter Earth’s atmosphere.  Similarly, wet and dry trash is collected, manually 
compressed and stored in bags at ambient cabin temperature for up to 120 days (during this time it is biologically 
active), and then loaded onto departing Progress spacecraft.  Other than hand compression, no waste processing is 
performed.  The collection of urine is accomplished through a funnel and hose assembly by airflow, and urine and 
fecal escapes from the toilet are common.  As described in more detail in the Water Recovery section, ~75% of the  
water is recovered from urine by the Urine Processing Assembly (UPA).  
3. Performance Goals/Major Technical Challenges 

For future missions where the return of waste materials to Earth is not possible, new waste processing functions 
that stabilize and reduce the volume of waste material will need to be developed and demonstrated in the space 
environment.  For trash, the capability to reduce the volume of the trash (10:1 compaction ratio), stabilize it by 
recovering water such that water activity in the compacted trash is less than 0.6, and maintaining stability for up to 
three years stowage is needed.  The capability to hygienically collect, store or process metabolic wastes with a toilet 
that has improved capture efficiency and is compatible with the volume constraints and the water recovery and 
waste stabilization systems in both short and long duration exploration vehicles will be required.  And, to 
accommodate mixed crews, the currently limited effectiveness of simultaneous collection of urine and feces will 
need to be addressed.  
  
D. Habitation (6.1.4) 
1. Top Level Objectives 

Many habitation functions closely interface with life support systems, and are accordingly included as part of the 
6.1 ECLSS technology area.  As the internal habitable volume of future spacecraft will be likely very limited, the 
top level habitation objective for future missions is to maximize the volume efficiency and the mass efficiency of 
habitation logistics.  
2. State of the Art 

Habitation systems on ISS include the crew quarters, galley/food systems, clothing, and hygiene supplies, as well 
as the cargo transfer bags that contain the equipment and supplies launched from Earth.  For crew hygiene, a rack-
sized hygiene compartment with a Teflon liner is used by the crew for partial-body cleansing with a wetted 
washcloth.  Because the rack is open-ended, water containment is only moderate, and water collection is limited to a 
filtration system that captures water droplets.  The washcloths are air dried in the cabin environment.  Crew clothing 
articles (~0.2kg/crew member-day) are typically used for relatively short durations (days) with rudimentary means 
of cleaning or freshening, and then become trash once they become too dirty to wear.  Cabin air filters require 
frequent cleaning of the lint and fibers released by the clothing during use.  Dietary intake for crew members 
consists largely of dehydrated foods that are rehydrated, with limited amounts of refrigerated or frozen foods as well 
as some fresh foods brought up on resupply vehicles.  Current packaged food shelf life is on the order of one year, 
with a packaging mass penalty of ~15% for the individual servings (not including the delivery containers and 
lockers).  Loss of nutritional content would occur over the extended periods of storage required for multi-year 
missions.  In 2015, a small amount of red lettuce was the first food grown on orbit that was officially consumed by 
US astronauts. 
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3. Performance Goals/Major Technical Challenges 
SOA habitation capabilities were designed for operations in LEO and are not optimized for the different 

resupply, volume and autonomy capabilities required for future missions beyond LEO.  Looking toward future deep 
space missions, some of the major technical challenges for Habitation Systems include developing the capability for 
a full-body cleansing system that prevents liquid escape, has a high rate (>90%) of water recovery, and is 
compatible in terms of water volume and composition with the vehicle Water Recovery and Management System.  
Capability performance goals for clothing include reducing the mass of the daily clothing and linen allocation by 
half, providing the capability to remove odors from clothing, and minimizing the release of fibers and lint into the 
cabin environment.  New capabilities required for food and nutrition include increasing the packaged food shelf life 
to 5 years while reducing the food packaging mass penalty to less than 5%.  In addition, the capability to grow food 
in the space environment - especially on surface missions, and to subsequently process and prepare it such that it is 
safe to eat will be required. 
 

VI. Conclusion 
 The technological challenges of a crewed Mars mission are not insurmountable, but it has been recognized that 
in order to successfully achieve deep space missions, there are large gaps in both the current capabilities and the 
amount of resources being invested in the technology advances required.  As directed by Congress, the NASA 2015 
Roadmaps identify the wide range of needed technology candidates and development pathways for the next two 
decades.  The development of advanced ECLSS and habitation technologies that will help enable missions beyond 
LEO have been identified as high priority, and these systems will need to address both the technological 
shortcomings and the functional integration inefficiencies of the current SOA.  Because future deep space missions 
will require humans to spend significantly longer periods of time farther from reliable resupply and logistics depots 
without the option of an emergency quick-return, advancement of highly reliable technologies that provide the 
necessary degree of self-sufficiency will be paramount. 
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